A protein exhibiting NADH oxidase and NADH peroxidase activity has been isolated from Lactobacillus easel in high purity. Evidence obtained through gel filtration, electrophoresis, and electrofocusing 'indicates that the two activities are characteristic of a single tetrameric protein with an approximate molecular weight of 240, 000.
INTRODUCTION
Lactobacillus casei is an oxygen-tolerant anaerobic bacterium.
Like others of its kind, it is capable of eliminating molecular oxygen and the product of its reduction, hydrogen peroxide~ without allowing damage to cell components. Reduced nicotinamide adenine dinucleotide (NADH) oxidase and NADH peroxidase provide a mechanism for the removal of molecular oxygen and hydrogen peroxide by the following reactions (1) : Molecular oxygen may not be toxic. However, it is quickly reduced to hydrogen peroxide by flavoproteins found in all organisms.
Hydrogen peroxide is so destructive to cell components that all airtolerant organisms, aerobic or anaerobic, are thought to possess an enzyme capable of removing it. In aerobic organisms, the peroxideeliminating enzyme is catalase, a heme-containing protein which catalyzes the auto-oxidation-reduction of hydrogen peroxide to water and molecular oxygen. The oxygen can eventually be reduced to water without the formation of hydrogen peroxide. Catalase activity would not be useful to an anaerobic organism, since it cannot use molecular oxygen without the formation of hydrogen peroxide. An added. problem is that most anaerobes do not possess the genetic information necessary for the production of the heme, the prosthetic group responsible for catalase activity. The lactic acid bacteria circumvent the problem by producing NADH peroxidase, which reduces hydrogen peroxide to water. The peroxidase is unusual in that it is a flavoprotein instead of a heme-protein, as are hydrogen peroxide-reducing enzymes found in aerobes.
Flavoproteins with NADH oxidase and NADH peroxidase activities were first isolated from the air-tolerant anaerobe Streptococcus faecalis in 1953 by M .I. Dolin (1). The oxidase was easily separated from the peroxidase by ammoz:iium sulfate precipitation, and little further work was done with it. The peroxidase was made commercially available as a solution with a concentration of one milligram per milliliter by Boehringer-Mannheim Biochemicals, Indianapolis, in April, 19 77 (2) • Since 1953 similar enzymes have been foun~ in other air-tolerant anaerobes (3). In 1959 NADH oxidase and NADH peroxidase were found in Lactobacillus casei, the standard riboflavin assay organism, by Strittmatter (4) . A partial purification of the enzymes was achieved at that time by precipitation in 75% saturated ammonium sulfate. The resulting precipitate accounted for about 30% of the total soluble protein and 65% of the total flavoprotein produced by L. easel, and most of the flavin present was flavin adenine dinucleotide (FAD).
Included in this precipitate was a protein capable of oxidizing NADH while reducing ferricyaI?-ide ion. Its function is still unknown. In 1965
Walker and Kilgour I referring to the ferricyanide-reducing enzyme as a "diaphorase, 11 found that it contained flavin mononucleotide (FMN) ·, and not FAD (5) . It was readily separated from NADH oxidase and NADH peroxidase by gel filtration.
Attempts were made to separate the NADH oxidase from the NADH peroxidase by various methods including ammonium sulfate precipitation, gel filtration, ion exchange chromatqgraphy, and starch· block gel electrophoresis (6) . None of these attempts were successful, and it was suggested that NADH oxidase and NADH peroxidase might be different activities of a single enzyme (7). This report will show a purification method for NADH oxidase and NADH peroxidase which is simpler and which produces enzyme of greater purity than that achieved by Walker and Kilgour. In addition~ characterization of the enzyme given in this report implies that, indeed, NADH oxidase and NADH peroxidase are activities belonging to a single enzyme. Before proceding further, however, it is necessary to mention those properties which have already been reported for NADH oxidase and NADH peroxidase found in L. casei.
NADH oxidase
Strittmatter found that NADH oxidase has a specific requirement for FAD, but not for FMN or riboflavin (4) . The presence of 10-S molar FAD causes as much as a fifty-fold increase in activity.· Walker and Kilgour have shown that activity lost during the purification of the enzyme could be restored by incubation with cysteine and FAD (6) .
Past inhibition studies involving sulfhydryl group binding agents such as p-hydroxymercuribenzoate or N-ethylmaleimide are not reliable, nor are inhibition studies involving metal chelating agents. The presence of manganous ion appears to increase oxidase activity (4) • While NADH appears to be the only acceptable electron donor, methylene blue is also a suitable electron acceptor for NADH oxidase.
In fact, the enzyme will catalyze the reduction of methylene blue wi~h out the addition of FAD. It should be noted that the 11 Laboratories .
Chemical determinations
Protein concentrations were determined after each purification step using the method of Lowry, et al. (9) When ion exchange chroma to-graphy or gel filtration was used as a purification step, the relative protein concentrations were determined by measuring the absorbance at 280 nm. for each fraction. Cnocentration of FAD and NADH were 3 -1 -1 measured spectrophotometrically using lL.3 xlO cm. molar for the 3 -1 -1 molar absorbance of FAD at 450 nm. and 6.22x10 cm. molar for the molar absorbance of NADH at 340 nm. (5) Growth of Lactobacillus casei L. casei ATCC 7469 were grown at 30° C. in sterile medium containing the following: 0.5% Bacto-Tryptone, 1.5% yeast extract, 0.2%
o, and 2.0% dextrose. A dextrose solution was autoclaved separately and then added to make the final concentration of 2.0% dextrose.
Growth of b casei was begun, typically, by the addition of a onemilliliter aliquot of a soft agar culture of the organism (provided by Dr.
Mary Taylor) to each of two ten-milliliter tubes of the above medium.
After one hour, the contents of each tube were transferred aseptically (as were all transfers) to separate flasks, each containing 100 ml. of medium. After the contents of the two flasks became turbid, about three hours, the contents of the two flasks were transferred to a single flask containing 500 ml. of medium. After about six hours the 500 ml. culture was transferred to a carboy containing ten liters of m.edium. The carboy was then left at 30 ° C. for twelve hours after which time a ten-milliliter sample was withdrawn hourly, and the pH of the medium was measured. When the pH of the culture reached 3.7, the cells were harvested using a Sorvall RC2-B centrifuge equipped with a Szent-Gyorgyi and Blum type continuous-flow apparatus. Typically about thirty grams of cells were rinsed with distilled water and stored frozen.
Cell rupture
Frozen cells were prepared for breakage by allowing them to thaw at room temperature. A 30% suspension of the wet cells was prepared with a 0.05 M potassium puosphate buffer at pH 7.0. The suspension was passed through a French Pressure Cell (American Instrument Co.,
Inc.) at 9,000 p.s.i. and into an ice bath. In order to insure that a high percentage of cells would be broken, it was necessary to pass the suspension through the pressure cell four times. The resulting mixture was spun at 43,000 Samples, 0.10 ml. , were carefully layered under the buffer onto the gels.
An initial current of 2 mA per tube was applied to allow uniform migration of sample materials through the stacking gel over a thirty-minute period, and then a current of 4 mA per tube was applied for three hours.
Immediately after electrophoresis, the gels were removed and immersed in a solution of 25% _isopropanol, 10% acetic acid, and 0.05%
Coomassie Brilliant Blue. After twelve hours the gels were transferred to a solution conta._ining 10% isopropanol, 10% a.cetic acid, and 0~005%
Coomassie B~illiant Blue for eight hours. The gels were destained with repeated washings of 10 % acetic acid.
RESULTS

· Purification
It was decided that the most effective means of purifying the enzyme would use DEAE-cellulose chromatography followed by gel filtration, first with Sephadex G-100, and then with Sephacryl S-200
Superfine. A summary of a typical purification by that means is given in 'fables I and II. The elution patterns for this same purification are shown in Figures 2 , 3 , and 4.
The process used results in a sixfold purification of the peroxidase.
This does no, in itself, indicate a high degree of purity, but characterization of the protein (as is discussed later in this paper) indicated that a high degree of purity actually is achieved. Ten per cent of the· inital peroxidase activity is retained.
The summary of the purification is inconclusive in the case of the oxidase activities. The oxidase is known to diminish in activity over a period of time (6) , and no compensation is made for loss of activity in the summary. While no comparison can be made between the activity totals for the oxidase and peroxidase activities, it can be seen in the elution patterns that there is maintained a ratio of about one unit of oxidase activity to one hundred unlts of peroxidase activity throughout the purification process.
Other purification methods, as mentioned, were not used because of a variety of problems. Ammonium sulfate precipitation was discontinued, because the treatment was considered to be excessively harsh.
Use of ammonium sulfate caused a fifty per cent loss of peroxidase activity, and an even greater loss of oxidase activity. In addition, the use of ammonium sulfate did not make any of the three adopted purification steps unnecessary. The same problem was found to be the case with stre.ptomycin sulfate. In addition, reproducible activities could not. be obtained immediately after treatment with streptomycin sulfate.
In the case of affinity chromatography with Blue Sepharose CL-68, no suitable elution system has yet be_en found. However, it might still be possible to devise a one-step purification process, if the correct elution system can be found.
Sephadex G-200 proved to be an excellent gel filtration medium on a small scale. Elution patterns (shown in Figure 5 ), which are very reproducible, were use to obtain an approximate molecular weight for the enzyme. The problem with Sephadex G-200, was that a column large enough for a full-scale purification either took several days to elute, or it would collapse before elution could be completed.
Characterization
Elution form Sephadex G-200 was used to obtain an approximate molecular weight of 226,000. A subunit analysis from polyacrylamidesodium dodecyl sulfate gel electrophoresis (kindly performed by Dr.
Joann Loehr) gave an approximate subunit molecular weight of 61,000 (see Figure 6 ).
Ultraviolet and visible light spectra (Figures 7 and 8) were obtained with the purified enzyme, and the extinction coefficient at 280 nm. was -1 2 .
found to be 1.09 mg. cm. The results of polyacrylamide disc gel electrophoresis and gel electrofocusing (kindly done by Dr. Mary Taylor) are shown in Figure 9 and 10.
DISCUSSION
Although a molecular weight of 226,000 is indicated by gel filtration with Sephadex G-200, this number must be assumed to be a minimum value. The elution of flavoproteins usually is retarded by dextran gels (13), and the result is an incorrectly low molecular weight. Polyacrylamide-sodium dodecyl sulfate gel electrophoresis is more reliable for molecular weight determinations, but it may be used to determine molecular weights only for covalently bound materials. From electrophoresis with sodium dodecyl sulfate, the molecular weight of all subunits was · found to be 61,000. Assuming that the molecular weight of the enzyme is at least 226, 000, and that that same molecular weight is a multiple of 61,000, one can conclude that the enzyme is a tetramer of 244,000.
The methods described previously give only a sixfold purification, but several factors indicate that the enzyme produced is of high purity.
Gel. filtration with Sephacryl S-200 Superfine produced an elution pattern (see Figure 4 ) for which the shapes of the protein concentration and activity patterns are almost identical. Against this pattern a very low background absorbance is observei. The ultraviolet and visible : · light s pee tr a are v:ery well defined (Figure 7 and 8) , and again a rela-.tively low backgr0.und absorbance is found a 310 and above 500 nm.
Polyacrylamide-sodium dodecyl sulfate gel electrophoresis produced a single band after the final purification step. Polyacrylamide disc gel electrophoresis produced two close bands of which one was of half the intensity of the other. While there is a possibility that one of these bands is an impurity, it is probable that the lighter band is due to the loss of one or more flavins.
It had been suggested that NADH oxidase and NAD~ peroxidase might be a. single enzyme with more than one activity (7) ·. Evidence in this paper supports that idea. Not only are the activities not separable with Sephacryl S-200 Superfine, but, when this medium is used, the oxidase and peroxidase activities coincide perfectly. Throughout the purificatio"n process a constant ratio was observed between oxidase and peroxidase activities. The patterns obtained with electrophoresis also suggest that this is one enzyme.
With gel electrofocusing one obtains a pattern similar to that found. with polyacrylamide disc gel electrophoresis (see Figure 10 ).
However, when 8 M urea is used, there are even more bands. A possible explanation for this is that there are two kinds of subunits in the enzyme. One type of subunit loses its flavin easily. Its resulting isoelectric point would be higher than that of the subunit to which a flavin is tightly bound. Walk.er and Kilgour (6) At this point it becomes obvious that the enzyme found in L. casei is· not the same as the enzymes found by Dolin in S. faecalis·. Dolin's enzymes were separable (1), and the peroxidase was found to have a molecular weight of 120, 0.00 (14) , with a pH optimum of 5. 4. The enzyme found in L. casei has no measurable pH optimum {see Figure 11 ). How-· ever, there are some similarities that should not be overlooked. The molecular weight of the NADH peroxidase found .in S. faecalis is conveniently twice that of. the subunit of the L. casei enzyme, and the visible light spectrum of the L. casei enzyme is almost identical to that of the NADH peroxidase found in S. faecalis_. (15) In summary, the NADH oxidase and peroxidase activities of Lactobacillus casei have been isolated in high purity. Examination of this protein complex lends strong support to the proposition that the oxidase and the peroxidase activities are associated with a single multimeric protein unit. 
